Global positioning system signal does not penetrate into the water volume, and autonomous underwater vehicle have to use the inertial navigation system that will cause an inevitable cumulative error. Terrain reference position can zero out the inertial navigation system error and have been widely used. To improve the positioning accuracy, the planning path of the underwater robot is required to pass through the suitable matching areas in the path planning stage. So, a gridding map is needed to quantify the suitability of the terrain and to partition the suitable matching area and the unsuitable matching area optimally. In this article, we will focus on the quantitative method of terrain suitability and the grid parameter solution method for optimal partition of suitable matching area. Finally, the validity of the algorithm is obtained using the ship borne data. The results show that in the low suitability blocks, the influence of measurement error on terrain reference position accuracy is higher than that in high suitability blocks. And the average of terrain reference position deviation obtained of the path passed through the high suitability area is 53.3% which is lower than that of the path passed through the low suitability area, and the standard deviation of the position deviation is reduced by 21.15%.
Introduction
Terrain reference navigation (TRN) is an ideal aided navigation method that has no time accumulation error. At present, underwater TRN technology uses multi-beam as the measurement equipment, which improves both acquisition speed and matching accuracy. 1, 2 However, there are some disadvantages associated with TRN, such as large errors in terrain measurement, fewer terrain features, and the lower acquisition speed of the measurement data, which always cause large position deviation. 1 At present, the research on improving the TRN/terrain reference position (TRP) accuracy mainly focuses on the filtering algorithm, including particle filter (PF), 1, [3] [4] [5] [6] robust filtering algorithm, 7, [8] [9] [10] point mass filter (PMF), 5, 11, 12 and so on. The latest research progress on TRN can be referred to the review article. [13] [14] [15] [16] [17] Another way is to improve the positioning accuracy from the perspective of path planning, allowing autonomous underwater vehicle (AUV) to go through the terrain with high adaptability. As shown in Figure 1 (a), the error of the reference navigation system exceeds the threshold at the position C and the TRP is needed to correct the navigation error when the AUV navigation is from A to B. If AUV can independently quantify the adaptability of the digital elevation map (DEM) and identification of suitable areas and unsuitable area. Then AUV will be able to obtain a suitability map (Figure 1(b) ) to plan a path through a high suitable area (blue route in Figure 1 (b)), so that the positioning error at the end of the navigation point will be in a small range. Otherwise, AUV may not reach the target point B through the low suitable area (green route in Figure  1(b) ). To make AUV use the topographic map path planning and correct navigation error, the first problem that needs to be solved is to quantify the suitability of the terrain and the problem of the division of the suitable area and the unsuitable area. Now, the TRN path planning method mainly focuses on the path search algorithm. For example, the waypoints selected are based on the binary-tree search algorithm, 18 and the terrain matching navigation method based on the A*. [19] [20] [21] It is worth noting that the key to TRN path planning include two prerequisites: (1) suitability quantization and (2) division of suitable area and unsuitable area. Therefore, this study is mainly to solve these two problems. Because large number of path planning algorithms are based on grid map. 19, 21, 22 So, the suitable area and the unsuitable area partition are based on topographic gridding. In this article, a method of quantization of terrain suitability and optimal partition of terrain suitability is mainly studied. Based on the DEM gridding, the suitable area and the unsuitable area can be partitioned off optimally.
There are many quantization methods for terrain suitability 21, 22 that is based on terrain height standard deviations. But terrain height standard deviation is not the only factor affecting the suitability. In the following, we will also deduce another important influence factor of terrain suitability, direction, and a more reliable method of suitability quantification is obtained and part the suitable and unsuitable area with gridding method. The size of the mesh of gridding map will affect the suitability of the subblocks. The DEM has been gridded optimally when the suitable area and the unsuitable area are parted into different subblocks to the maximum extent at a certain value of subblock size. In this article, we primarily study parameterized representation methods of terrain suitability and then propose the optimal partition methods for the terrain suitability area based on the grid premise.
The following research contents of the article include the following parts. In second section, the influence factors and the quantitative evaluation method of TRP accuracy are analyzed. At last, the quantization parameter signal-tonoise ratio (SNR) of the local terrain area is defined. In the third section, the suitability matrix SNRp of one DEM with arbitrary size of subblock is studied. Then, the algorithm for calculating the optimal partition number of any DEM is derived, and a demonstration has shown the process of optimal partition algorithm using the real underwater terrain map. Fourth section is the simulation experiment part, where three different terrain quantization methods (topographic entropy, terrain roughness, SNR) have been compared, and the result shows that SNR has obvious advantages in describing terrain suitability when there is a significant difference of terrain gradients in different directions. In the "Comparison of commonly quantitative parameters" section, the comparison of the positioning accuracy of the high suitable blocks and the low suitable blocks under different measurement errors shows that the positioning accuracy of the low suitable blocks are more easily affected by the measurement error. In the "Accuracy comparison between different suitability paths" section, the TRP accuracy comparison experiment of two path across the low suitability blocks and high suitability blocks, respectively, shows that a higher positioning accuracy and stability can be obtained for a path across the high suitability blocks. Fifth section is the conclusion and future research plan. 
Suitability and TRP Accuracy

Influencing factors on TRP accuracy
Suppose AUV has obtained measurement terrain map (MTM) ðx i ; x j ; z ij Þ; i ¼ 1; 2:::m; j ¼ 1; 2:::n at the current navigation position ðx a ; x a Þ. The MTM interpolation sequence in the DEM is h ij ðx i ; x j Þ. In fact, the TRP is used to find the location of the MTM in the DEM. We use distance as a similarity evaluation index and assume that the measurement error for terrain node ði; jÞ is e ij . Then, the similarity function can be written as equation (1) 
In the equation, h ij ðX Þ represents the real height of DEM node ði; jÞ; s ij represents the standard deviation of measurement error node ði; jÞ; m; n is the row number and column number of MTM node sequence; the equation (1) can be linearized as equation (2) 
In the equation, Dĥ ij ðX Þ represents the height difference between the MTM and the interpolation of the MTM in the DEM. The TRP is a translation searching and matching process. We want to find the position deviation DX at which the minimum value of L occurs
In the equation, X represents the TRP position; x ij represents position of terrain node ði; jÞ in MTM, which include two components in x and y directions. We can obtain the equation about DX
Measurement sequence z ij is a constant sequence, so @Dĥ ij ðÞ=@x ij ¼@ĥ ij ðÞ=@x ij , and equation (4) can be written as equation (5) 
Consider the fact that TRP is a two-dimensional search process and that @ĥ ij ðÞ=@x ij is a two-dimensional gradient vector. The terrain is an anisotropic surface, so @ĥ ij ðÞ=@x ij will also have different values in different directions. From equation (5), we can draw the following conclusions:
1. TRP accuracy is related to measurement error and local topography gradients; 2. Increases in the terrain gradient can improve positioning accuracy; 3. Because the terrain gradients have different values in different directions, TRP accuracy will be different in different directions.
The last conclusion is critical. We can infer that even if the terrain changes drastically, if the gradient in a certain direction is small, it may also cause the TRP results to deteriorate as analyzed in "Terrain suitability quantification" section.
Accuracy evaluation of TRP
The terrain surface is an anisotropic surface. According to estimation theory, we can obtain more information for the positioning point. 2 A reliability evaluation of TRP can be obtained by calculating the information content at TRP position point (6) . According to the conclusion of Nygren, 2 we assume that the variance of elevation error of terrain nodes are independent and identically distributed N ð0; s 2 Þ.
In this equation, h ij ðÞ represents the interpolation results at point ðx ij ; y ij Þ; ðx ij ; y ij Þ represents the coordinate of node ði; jÞ for the terrain surface; I e ðX t Þ represents the of the terrain surface; s 2 represents the variance of the elevation measurement error of the terrain nodes; e represents the unit direction vector. We must consider the fact that terrain gradient along the various directions is not the same. In equation (6), it is necessary to discretize the process. We will disperse the information for the positioning points in eight directions (as show in Figure 2 ).
Discrete the results of equation (6) to get equation (7). The inverse of I e i ðX t Þ is called Cramer-Rao Low Bound, 2 and it can reflect the accuracy of the TRP
In the equation, e i represents the unit direction vector and will have eight values; d represents the distance of two terrain nodes when calculating the degradation of the local terrain. So, equation (7) reflects the accuracy of the TRP.
The greater the I e i ðX t Þ, the higher the positioning accuracy is, and it is obvious that the value of this type is affected by the following three factors.
The gradient variation item
and greater value of this item will cause higher TRP accuracy. 2. The terrain gradient will change with the directions of e i , and this leads to the different TRP accuracy at different direction. So, TRP is anisotropic. 3. The accuracy of TRP is related to the measurement error. The smaller the measurement error is, the higher the positioning accuracy.
From the above analysis, we get the influence factors and the quantitative evaluation of the positioning accuracy. Then, we get the quantitative function of the local terrain adaptation by further analysis.
Terrain suitability quantification
According to the conclusion of Nygren, 2 the Cramer-Rao bound of TRP C e i b is expressed as
b reflects the lower deviation of the location deviation in the direction e i of TRP, 2 which reflects the probability distribution of the offset of the terrain matching location; and the smaller the C e i b the smaller will be the probability of the deviation to the direction e i . The equation (8) can reflect the distribution of the offset probability distribution in the direction of e i , and the maximum I e i ðX t Þ direction in which the maximum value is the maximum direction of the position offset and the position offset probability. As shown in We refer to SNR as the suitability function of TRP, its value is the minimum value of I e i ðX t Þ; i ¼ 1; 2:::8 as shown in equation (9) . From its definition, we can see that SNR is a directional parameter. It indicates the maximum probability direction of position deviate to. As we can see in Figure  4 , the TRP likelihood function of MTM1 and MTM2 that the descending speed of the likelihood function along the direction of the SNR is very slow. The terrain in this direction of SNR has a strong self-similarity, and it is easy to lead to position deviation
Equation (8) can calculate the suitability value of a terrain block with a size of I Â J nodes.
Optimal partition of terrain suitable area
Suitability quantization of DEM under arbitrary gridding
We are concerned with the problem of gridding the DEM with optimal partition of the suitable area and unsuitable area. The next step is to find the optimal partition method for the suitable region and unsuitable region in DEM. With changes in the mesh size, the suitable area and unsuitable area has been parted not different blocks or in the same block. The problem we care about is whether there is a mesh size that can divide the suitable area and the unsuitable area into different mesh as much as possible. Next, we will study the partition method. Our research object is the DEM as shown in Figure 6 . The previous content has studied the method of terrain suitability quantification. On this basis, the following sections will introduce the partition method of the suitable area and the unsuitable area. First, we quantify the suitability of DEM according to the previous method. Then, we further discuss the solution of partition of the suitable area and the unsuitable area optimally. The suitability of DEM can be quantified as following steps: 1. Calculate the SNR value of node ðk; lÞ at eight directions, the results are shown in Figure 7 (a) to (h).
2. The size of the mesh is defined by the number of nodes on the edge of mesh. The interval of the number of nodes on the edge of the mesh is ½p min ; p max , p min , and p max are determined by the strip width of multibeam. It's best to stay near the width of the multi-beam strip, we defined p min ¼ 0:75b and p max ¼ 1:25b. For each block ðk; lÞ, assuming that the mesh size is p Â p, p represents the number of nodes on the mesh edge and according to equation (7), the information value of the eight direction of block ðk; lÞ is calculated. 3. Obtain the quantitative expression of terrain suitability of the block ðk; lÞ according to equation (9) SNR kl ¼ min I p e i
ðk; lÞ ð12Þ
Assumed that when the block size is p Â p, the partition number of the DEM is K Â L. We can obtain the following suitability matrix SNR 
Partition of suitable and unsuitable area optimally
Now we can quantify the suitability of each block. Our goal is to divide the suitable area and the unsuitable area into different terrain blocks as far as possible. According to the previous analysis, the larger the SNR kl value is, the higher the block suitability is. It is assumed that the mean of suitability sequence SNR kl ; k ¼ 1; 2:::K; l ¼ 1; 2:::L is a 1 under the subblock size is p Â p, the average of high suitability sequence SNR kl ; k ¼ 1; 2:::K 1 ; l ¼ 1; 2:::L 1 is a 2 , and the average of low suitability sequence SNR kl ; k ¼ 1; 2:::K 2 ; l ¼ 1; 2:::L 2 is a 3 , and their definitions are shown in equation (14) Figure 6 . The DEM used in this article. DEM: digital elevation map. 
In the equation, K and L represent the rows number and columns number of map blocks; a 1 represents the average of SNR of map block under the blocks number of K Â L; a 2 represents the average of SNR of map block which is smaller than a 1 ; K 1 L 1 represent the sum of map block in which the SNR is smaller than a 1 ; a 3 represents the average of SNR of map block in which SNR is larger than a 1 ; K 2 L 2 represent the sum of blocks in which the SNR is smaller than a 2 . As shown in Figure 8 , the suitability closer to the left end point indicates that the block belongs to the high suitable block, and the suitability close to the right end point indicates that the block belongs to the unsuitable block. While the block in the middle part indicates that the suitable area and unsuitable area are not yet effectively separated. We hope that a 2 and a 3 can be as possible as close to the left and right end point. So, a p is used as shown in equation (15) to show the distance between them. So, a p is the evaluation coefficient of partition quality of DEM and taking a larger value is beneficial as shown in Figure 9 .
According to the above requirements, we establish the constraint conditions for an optimal block. Based on the above analysis, a mathematical description of optimal block is obtained. In the process of optimal partitioning, we must to determine the range of the block sizes. The value interval is based on the measurement range of multi-beam sonar, supposing that the maximum and minimum values of the number of block side nodes are dep max and dep min , respectively. The optimal p value calculation process is described as follows.
According to the above analysis, we can obtain the optimal block of the DEM. Next, we calculated and analyzed an actual submarine topography as shown in Figure  6 . The size of DEM is 891 Â 922 m 2 , and the grid size of DEM is 1 Â 1 m 2 . According to the description of Algorithm 1, a relationship curve between the number of block side nodes and the block evaluation index a p can be obtained. As can be seen from Figure 8 , the value of a p changes dramatically with increases in the number of the block side nodes, and the maximum value is obtained when the value increases to 87.
As shown in Figure 10 , the block results are obtained according to the 87 boundary nodes. Figure 10 
TRP comparison and analysis of suitability block
The validity of the suitability region segmentation is shown below. The DEM map will provide the priori information and the MTM will be used to simulate the real-time surveying terrain. We evaluate the effectiveness of the optimal partition algorithm by comparing the TRP accuracy in high suitability blocks and low suitability blocks. In the DEM ( Figure 6 ) and the MTM (Figure 11 ), they have surveyed in the same sea area as shown in Figure 12 . The DEM survey was taken in 2012 and the MTM measurement time was October 2016. Figure 13 shows the connection of measurement equipment while surveying MTM. The measurement device and their parameters are shown in Appendix Table  1A .
Comparison of commonly quantitative parameters
We compare the quantitative method proposed in this article with the two commonly used terrain adaptation quantization methods (topographic entropy and topographic standard deviation). 10, 18, 19 The expressions of topographic entropy and topographic standard deviation are as follows: 
Algorithm 1. Calculate the optimal block
In the equation, the number of nodes that measure the terrain is m Â n and, ði; jÞ is the index number that represents the measurement of a topographic node.
The standard deviation of terrain
We use the MTM1 (Figure 3(a) ) and MTM2 ( Figure  3(b) ) as a contrast experiment. From Figure 3(c) and (d) we can see that the gradient of MTM1 has a distinct directional distribution, but the direction of MTM2 is not obvious. The suitability of MTM1 and MTM2 are compared using the suitability parameters SNR, Terrain Entropy, and Terrain Standard Deviation, respectively. The test result shown in Figure 13 , and the deviation average and standard deviation of TRP deviation shows that the suitability of MTM2 is better than that of MTM1. The SNR of MTM1 is smaller than MTM2, and it shows that the suitability of MTM2 is better than that of MTM1, but Terrain Entropy and Terrain Standard Deviation of MTM1 and MTM2 are almost the same. The major reason is that the Terrain Entropy and Terrain Standard Deviation can't show the characteristics of anisotropy of terrain. As one of the most important features of terrain suitability is its directionality, and the most important feature of the suitability quantization parameter SNR used in this article is the ability to show the orientation of suitability.
TRP accuracy of path in different suitability blocks
As shown in Figure 15(a) , we choose suitable blocks and unsuitable blocks from the suitability map (Figure 15(a) ). The unsuitable blocks and the suitable blocks are marked in white rectangle (marked A and B in Figure 15(a) ) and red rectangle (marked C in Figure 15(a) ), respectively. The suitability average of unsuitable blocks is 0.007, and the suitability average of suitable blocks is 0.019. The planning path (red line) and waypoints (green dots) in the suitable blocks and unsuitable blocks are shown in Figure 15(a) . The simulated real-time measurement terrain is obtained by interpolation in the Figure 14 along the planning path as shown in Figure 15 than that of the unsuitable blocks when the measurement error increased. That is to say, in the low suitable blocks, the TRP accuracy will be affected by the measurement error more easily.
Accuracy comparison between different suitability paths
The simulation process is shown in Figure 18 . At first, the DEM is gridded as shown in Figure 10 , and the high suitability area and the low suitability area are separated using the method proposed in the previous part. Then, we plan two paths (path A and path B), path A passes through the high suitability blocks and path B passes through the low suitability blocks. Next, we use the planning path (path A and path B) to interpolate in MTM (Figure 11 ), simulate the real-time measurement process of multi-beam, and get the simulated terrain along the path. Then, the simulated path (path A and path B), the simulated terrain, and DEM are put into the TRP system. The planning path in the DEM is shown in Figure 19 . Figure 19 (Figure 19 ). In blocks 5 and 6, the TRP deviation increases sharply. Figure 22 shows a comparison of TRP results for the two routes. As we can see, the average and standard deviation for TRP deviation along path B (the low SNR path) is larger than that for path A (the high SNR path). Path A, through a terrain block with high SNR, and path B, through a terrain block with low SNR. From the TRP results, we can see that path A produces more accurate TRP positions, and the result is more stable.
Conclusions
The main contribution of this article is to propose the terrain suitability parameter SNR and global map gridding method based on partition of suitable area and unsuitable area optimally. The difference with the commonly used quantitative parameters is that SNR not only takes the measurement error of terrain, the change in rate of terrain gradient into account, but also takes the directional characteristics of adaptation into account. The simulation experiment shown that the influence of measurement error on TRP accuracy is higher than that in high suitability area, and higher positioning accuracy and stability can be obtained in the high suitability blocks. Notably, the optimal partition criterion in this article is that the maximum distance between the average of high suitability blocks and the suitability of the low suitability blocks. This optimal criterion is not the only one and there may be a better criterion. In addition, the next goal is to establish a more perfect underwater environment information map, including underwater threats, task location, priorities, and so on. In this way, AUV can plan an optimal path independently according to the task requirements and environmental threats, navigation errors, terrain suitability, and other factors.
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